In event-related potential (ERPs) studies, emotional stimuli usually elicit an enhanced late positive potential (LPP), which is assumed to reflect motivated attention. However, whether a stimulus elicits emotional responses may depend on the individual's state, such as experiencing romantic love. It has been suggested that stimuli that are related to someone's beloved will elicit increased attention in that infatuated individual. In this study, participants who were in love viewed faces of their beloved, their friend, and of an unknown, beautiful person. The friend was included to control for familiarity, and the unknown person for perceived beauty. As expected, the LPP was larger in response to the face of the beloved than to the other two emotionally significant faces. Interpreting the LPP as reflecting motivated attention, this implies that romantic love is accompanied by increased attention for the face of one's beloved. #
Introduction
Almost everybody has been deeply in love sometime and therefore knows that love is accompanied by physical symptoms, such as trembling, palpitations, and reduced hunger. Recently, scientists have started to investigate the biological and neural basis of romantic love, for example using functional magnetic resonance imaging (Bartels and Zeki, 2000; Aron et al., 2005) . Event-related potentials (ERPs), however, have not yet been employed to investigate romantic love, although they have extensively been used to study other emotions and motivations.
1 In previous studies, emotional stimuli have consistently been found to elicit enlarged late (emerging around 300-400 ms after stimulus onset), positive components of the ERP waveform compared to neutral stimuli. These late positive components have a centro-parietal distribution and a parietal maximum. The positivity from about 400 ms after stimulus onset has inconsistently been labeled late positive potential (LPP) (e.g. Schupp et al., 2004a) , late positive component (LPC) (e.g. Ashley et al., 2004) , and positive slow wave (PSW) (e.g. Amrhein et al., 2004) . Here the term LPP will be used to describe this late positivity. The LPP has been found to be greater for emotional words (Dietrich et al., 2000) , emotional pictures (Amrhein et al., 2004; Cuthbert et al., 2000; Dolcos and Cabeza, 2002; Pollatos et al., 2005) , and faces with emotional expressions (Eimer and Holmes, 2002; Johansson et al., 2004; Schupp et al., 2004b) than for neutral stimuli. Because the LPP is enhanced for both unpleasant and pleasant stimuli, it is generally assumed to be sensitive to arousal rather than to valence (Schupp et al., 2006) .
The LPP is also enhanced for emotionally neutral, but taskrelevant stimuli. Target stimuli that occur infrequently among distractor stimuli, for example, elicit larger LPPs than the distractor stimuli do (Picton, 1992) . Therefore, it is assumed that the LPP reflects attentional processes. This, combined with the fact that emotional stimuli tend to demand allocation of attention (Compton, 2003) because they signal important information regarding reproduction and survival (LeDoux, 1996) , has led to the suggestion that the enlarged LPP in response to emotional stimuli also reflects an attentional process. This attentional process has been called motivated attention, since it is evoked by stimuli that trigger motivational www.elsevier.com/locate/biopsycho Biological Psychology 76 (2007) [109] [110] [111] [112] [113] [114] [115] processes such as approach or avoidance (Schupp et al., 2004a) . The results of a study by Schupp et al. (2007) are in line with the idea that the increased LPP to emotional stimuli reflects attention. In that study, participants had to count either the pleasant, neutral or the unpleasant pictures, which all occurred with equal probability. The LPP appeared larger for both target and emotional pictures, and moreover, these effects augmented each other. This implies that the LPP reflects task-induced as well as motivated attention.
While a picture of a wounded person or the word ''rape'' will elicit emotional arousal and motivated attention in the large majority of people, other stimuli will elicit emotional responses in certain individuals only. Spider-related words, for example, capture attention more than neutral words especially in spiderphobics (e.g. Lipp and Waters, 2007) . Similarly, Fisher (1998 Fisher ( , 2000 has suggested that someone who is in love will allocate more attention to his or her beloved than to another person, whereas both persons would be equally interesting to an outsider. Fisher et al. (2002) further proposed that this increased attention for the beloved would contribute to the fact that infatuated people feel that their beloved is unique, that they focus their attention on the positive qualities of the beloved and that people are in love with one person at a time only. It is reasonable to assume that stimuli related to the object of one's romantic feelings, like other motivational and emotional stimuli, would elicit motivated attention because they play an important role in the evolutionary process of reproduction (Fisher, 1998 (Fisher, , 2000 (Fisher, , 2004 .
Indeed, the personal significance of a certain stimulus has been found to influence the LPP amplitude in response to that stimulus. Heroin and alcohol dependent participants, for example, showed an increased LPP in response to heroin and alcohol-related pictures, respectively, while non-dependent participants did not (Franken et al., 2003; Namkoong et al., 2004) . Moreover, in a study by Johnston and Oliver-Rodríguez (1997) with facial stimuli, the LPP amplitude was correlated with the perceived beauty of the faces. Interestingly, the dopaminergic reward system has been found to be activated when participants viewed beautiful faces (Senior, 2003) , as well as when infatuated participants viewed the face of their beloved Fisher et al., 2002 Fisher et al., , 2005 . Similarly, dopamine has been implicated in drug craving elicited by drugrelated cues (Franken et al., 2005) . Thus, the neurotransmitter dopamine could play a role in the signaling of personal salience of these positively valenced and rewarding stimuli.
The present study investigated event-related potentials in response to love-related facial stimuli. Considering the abovementioned findings, it can be expected that the LPP will be augmented in response to a photograph of the face of the participant's beloved compared to a photograph of an unfamiliar face. However, this comparison between the face of a beloved and the face of another arbitrary person will be confounded by variables such as familiarity and perceived beauty. In order to control for these variables, we compared the ERP response to the face of the participant's beloved with ERP responses to photographs of the participant's friend and of an unknown, beautiful person. It was expected that the photograph of the beloved would elicit a greater LPP than the photographs of the friend and unknown person. This because, in accordance with Fisher (1998 Fisher ( , 2000 , we expected that the face of the beloved would capture more attention than the faces of the friend and unknown person, which are not associated with romantic love but merely with familiarity or beauty.
Method

Participants
Participants were recruited by means of a poster at the university campus. Eighteen students (9 men, 9 women; mean age 21.5, range 18-34) volunteered to participate and gave informed consent prior to testing. Only participants who were in love with someone of the opposite sex were included. Other inclusion criteria were normal or corrected-to-normal vision, no medical diagnosis and no medication use. Furthermore, all participants were right-handed as determined by a hand preference questionnaire (Van Strien, 1992) . Participants were rewarded with course credit or 10 Euros.
Design
The participants viewed gray-scaled photographs of the faces of their beloved, their friend, and of a beautiful person that was unknown to them. The men viewed only female faces, whereas the women viewed male faces (i.e. the beloved was of the opposite sex, the friend was of the same sex as the beloved, and the male participants viewed an unknown female, whereas female participants viewed an unknown male). The photographs the beloved and the friend were supplied by the participants and digitally scanned. The photographs of the beautiful persons had been created by blending faces that had previously been rated as very beautiful.
2 Note that the participants did not detect anything unusual in these faces; they are very realistic.
To make sure that there were no objective differences in beauty between the beloved and the friends, a separate sample of men and women who did not know these faces rated their beauty on a 9-point Likert scale. Ten women (mean age 22.4, range 19-25) rated the photographs of the males, and 10 men (mean age 22.2, range 19-30) rated the photographs of the females.
Procedure
At the testing session, the participants provided information about the duration of their love to the beloved, and the duration of their romantic relationship (if any) with the beloved. Furthermore, they rated the extent to which they experienced romantic love with their beloved, their friend, and the unknown person, as well as the beauty of those people, on 9-point Likert scales. The participants also completed the passionate love scale (PLS; Hatfield and Sprecher, 1978, in Hatfield, 1998) , which assesses the extent to which someone experiences passionate or romantic love (minimum mean score = 1, maximum = 9). In addition, they completed the Affect Intensity Measure (AIM; Larsen, 1984 in Larsen and Diener, 1987) , which determines the general tendency to experience emotions intensely (minimum mean score = 1, maximum = 6). Next, the electrodes were placed and the participants were instructed to limit movements and eye blinks during testing. The participants were seated in a comfortable chair in a soundproof, dimly lit room. They completed two independent tasks; first the one of the ERP study reported here and then a second task involving viewing the faces of the beloved and friends for 30 s alternatively, interleaved with a distraction task (to be reported elsewhere). Trial structure was as follows: To start, a white fixation cross was presented on a black computer screen for 600-1000 ms (pseudo randomized duration), followed by a 250 ms presentation of a face. Then a fixation cross was presented again for 1000 ms, followed by a blank screen for 1000 ms. The faces were presented in a pseudo random order, with the constraint that a specific face appeared no more than three times consecutively. Each face (beloved, friend, and unknown person) was presented 30 times, thus the study consisted of 90 trials.
Participants were instructed to focus at the fixation crosses and to attend to the faces, because they would have to answer questions about them. The questions were closed questions about the identity of the person on the previous photograph ('was the person on the previous photograph your beloved?', 'was the person on the previous photograph your friend?' or 'was the person on the previous photograph a stranger?'). Each of these questions appeared four times, pseudo randomly intermixed with the photographs. They were used to control for the participants' alertness. Participants answered the questions by pressing the left ('yes') or right ('no') button of a mouse. Note that these responses did not coincide with the presentation of the faces.
Electroencephalogram (EEG) recording and signal processing
The electroencephalogram (EEG) was recorded using a 32-channel amplifier and data acquisition software (ActiveTwo System, BioSemi). The 32 AgAgCl active electrodes were placed upon the scalp by means of a head cap (BioSemi), according to the 10-20 International System (Fp1/2, AF3/4, Fz, F3/ 4, F7/8, FC1/2, FC5/6, Cz, C3/4, T7/8, CP1/2, CP5/6, Pz, P3/4, P7/8, PO3/4, Oz, O1/2). Vertical electro-oculogram (VEOG) and horizontal electro-oculogram (HEOG) were recorded by attaching additional electrodes (UltraFlat Active electrodes, BioSemi) above and below the left eye, and at the outer canthi of both eyes. Another two electrodes were attached to the left and right mastoids (M1/2). An active electrode (CMS-common mode sense) and a passive electrode (DRL-driven right leg) were used to comprise a feedback loop for amplifier reference. All signals were digitized with a sample rate of 512 Hz, a 24-bit A/D conversion, and a low pass filter of 134 Hz.
Offline, a mathematically linked mastoids reference was applied and data were filtered using a 0.15-30 Hz band pass filter (phase shift-free Butterworth filters; 24 dB/octave slope). Data were segmented in epochs from 100 ms prestimulus until 1000 ms post-stimulus onset. Ocular artifact correction was applied according to the Gratton and Coles algorithm (Gratton et al., 1983) . The mean 100 ms pre-stimulus period was used for baseline correction. Artifact rejection criteria were minimum and maximum baseline-to-peak À75 to +75 mV, and a maximum allowed voltage skip (gradient) of 50 mV. The mean number of accepted epochs per participant per condition was 24.1 (S.D. = 4.4) and the numbers of accepted epochs were similar across conditions, F(2, 34) < 1 ns.
Analyses
The ratings regarding romantic love for and beauty of the beloved, friend, and unknown beautiful person were tested using repeated measures ANOVAs with the within-subject factor condition (three levels: beloved, friend, and unknown, beautiful person). The mean ERP activity in the time windows 140-200 ms, 200-400 ms, and 400-700 ms was tested at the electrodes Fz, F3/4, Cz, C3/4, Pz, and P3/4 using repeated measures ANOVAs with the within-subject factors caudality (three levels: frontal-F3, Fz, F4; central-C3, Cz, C4; parietal-P3, Pz, P4), laterality (three levels: left-F3, C3, P3; midline-Fz, Cz, Pz; right-F4, C4, P4), and condition (three levels: photograph of beloved, friend, and unknown beautiful person) (cf. Amrhein et al., 2004) . The LPP was defined as the mean ERP activity in the 400-700 ms time segment after onset of the stimulus (Cuthbert et al., 2000) . Only effects involving the factor condition were of interest and are reported. When applicable, degrees of freedom were corrected with the Greenhouse-Geisser correction. The F values, the uncorrected d.f., the epsilon (e) values, and corrected probability levels are reported.
Results
Questionnaire and behavioral data
The mean duration of the participants' romantic love was 12.6 months (S.D. = 10.1, range 2.5-36 months). All participants, except one female, were involved in a romantic relationship with their beloved. Mean duration of these relationships was 12.1 (S.D. = 9.4) months. The participants' score on the PLS was 7.8 (S.D. = 0.5, range 7.0-8.5, Cronbach's alpha = 0.78). The mean AIM score was 3.8 (S.D. = 0.5, range 2.9-4.5, Cronbach's alpha = 0.88) and this score was not correlated with the PLS score, r = 0.13, p = 0.61. This suggests that the PLS scores were not confounded by a general tendency to experience emotions intensely.
Participants rated their romantic love (on a 9-point scale) to their beloved as 8.4 (S.D. = 0.6), to their friend as 1.7 (S.D. = 1.2), and to the unknown person 1.1 (S.D. = 0.3). These ratings were significantly different, F(2, 34) = 583.16, p < 0.001. Post-hoc comparisons showed that the participants experienced more romantic love for their beloved than for their friend, p < 0.001, and the unknown person, p < 0.001. And although the absolute difference in romantic love for the friend and the unknown person was small (0.6 on a 9-points scale), it was statistically reliable, p = 0.037. The participants rated the beauty of their beloved as 8.2 (S.D. = 0.7), of their friend as 5.1 (S.D. = 1.3), and of the unknown person as 4.8 (S.D. = 2.0). These ratings were significantly different, F(2, 34) = 33.50, p < 0.001. Post-hoc comparisons revealed that participants perceived their beloved as more beautiful than their friend, p < 0.001, and the unknown person, p < 0.001. The perceived beauty of the friend and unknown person did not differ, p = 0.45.
Furthermore, the separate sample of participants who were unaware of the purpose of the study and unfamiliar with the people on the photographs, rated the beauty of the faces of the beloved condition as 4.4 (S.D. = 1.1), of the friend condition as 4.4 (S.D. = 1.0), and of the unknown person condition as 6.3 (S.D. = 1.1). These ratings were significantly different, F(2, 38) = 64.24, p < 0.001. Post-hoc comparisons showed that the faces in the unknown person condition were perceived as more beautiful than the faces in the beloved condition, p < 0.001, and the friend condition, p < 0.001. In contrast, the faces in the beloved and friend conditions did not differ in beauty, p = 0.77.
Finally, the mean number of correctly answered questions concerning the identity of the faces was 11.5 out of 12, indicating that the participants were alert during data acquisition.
Event-related potentials
The grand average ERPs for the faces of the beloved, friend, and unknown person are shown in Fig. 1 . Visual inspection of the ERPs reveals that the faces in general elicited the usual N1, P2, fronto-central N2 components, and the expected late positivity with a parietal maximum.
For the mean activity in the 140-200 ms time window, none of the effects were significant, all Fs < 1.72, all ps > 0.18. Fig. 2 displays the scalp topography of the electrophysiological responses to the three faces in the 200-400 ms time window. Note that the anterior activity is negative, whereas the posterior activity is positive. In this time window, the main effect of condition was significant, F(2, 34) = 4.37, e = 0.79, p = 0.030. Post-hoc comparisons revealed a nearly significant difference between the beloved and unknown person only, p = 0.058, other ps > 0.14, indicating that the waveform for the beloved was less negative than the waveform for the unknown person. Moreover, there was a trend towards an interaction of laterality and condition, F(4, 68) = 2.59, e = 0.70, p = 0.067. Post-hoc comparisons showed that the condition effects were present mainly at lateral electrodes. Over the left hemisphere, the beloved elicited less negativity than the unknown person did, p = 0.008. Over the right hemisphere, the waveform for the beloved was less negative than both the friend, p = 0.018, and the unknown person, p = 0.017, all other ps ! 0.058. Fig. 3 depicts the scalp topography of electrophysiological responses to the three faces in the 400-700 ms time window. It can be seen that the positivity elicited by the faces is widely distributed across the scalp and has a centro-parietal maximum, confirming the notion that it concerns the LPP. Further, this LPP appears to be most pronounced in response to the face of the beloved. Indeed, the main effect of condition was significant, F(2, 34) = 4.63, e = 0.95, p = 0.023. Post-hoc comparisons demonstrated that the LPP for the beloved was larger than the LPP for both the friend, p = 0.007, and the unknown person, p = 0.042. The LPP for the friend and unknown person did not significantly differ from each other, p = 0.77. None of the interactions involving condition were statistically reliable, all Fs < 1.51, all ps > 0.22, implying that the condition effect was equivalent across the different electrodes. In order to address the influence of the perceived beauty of the faces on LPP amplitude at electrode Pz, correlations between these measures were calculated. Such a correlation was observed neither for the stimulus set as a whole, r = 0.15, p = 0.27, nor for the stimuli of the three conditions separately, À0.13 all rs 0.10, all ps ! 0.61. 
Discussion
The goal of this study was to examine the effect of loverelated facial stimuli on event-related potentials. The LPP was of greatest interest, since this potential has previously been found to be amplified for emotional stimuli and is thought to index motivated attention (e.g. Cuthbert et al., 2000; Polich, 2003; Schupp et al., 2004a; Stormark et al., 1995) . As discussed in the introduction, the term motivated attention reflects the finding that more attention is allocated to emotional than to comparable neutral stimuli. Because the photograph of a certain face has a very special meaning to the individual that is in love with the depicted person, it was hypothesized that the LPP would be enhanced for the face of a beloved, even when compared to two other emotional stimuli, namely the face of a friend and of an unknown, beautiful person.
As expected, we found that the LPP (from 400 ms after stimulus onset) was most pronounced for the face of the beloved at frontal, central, and parietal sites. This suggests that the cortical neural response was more activated by faces associated with romantic love than by faces associated with familiarity or beauty only. Furthermore, it implies that more attention was allocated to the beloved than to the friend and the unknown person.
It is interesting that differences in motivated attention are found between the beloved and the two other categories although all three categories are emotionally significant. Previous research by Schupp et al. (2004a) has shown something similar. Using pleasant, unpleasant, and neutral (IAPS) pictures, they showed that both picture valence and the specific picture content influenced the LPP. Within the pleasant pictures, sexually explicit pictures and pictures of romantic scenes elicited larger LPPs than sports pictures did. The researchers explain these findings by assuming that sports pictures have a smaller effect on the motivational systems in the brain. The same line of reasoning could be applied to the present findings. It is plausible that motivational systems are more activated by the face of a beloved, than by the face of a friend or unknown, beautiful person. That is, the tendency to approach a beloved is presumably larger than the tendency to approach a friend or an unknown, beautiful person.
Some previous studies have demonstrated that the LPP is enhanced by facial familiarity. Eimer (2000) , for example, observed greater LPPs for famous faces compared to unfamiliar faces. Similarly, in a study by Herzmann et al. (2004) the LPP seemed enhanced for both personally familiar and famous faces, compared to unfamiliar faces, but unfortunately Herzman and colleagues did not statistically test this. In the present study, the friend condition was included to control for familiarity. Still, it is possible that the participants felt more familiar with their beloved than with their friend, which might be the reason that the LPP was enhanced in response to the beloved. However, the absence of a difference between the LPPs for the friends and the unknown persons, speaks against modulation of the LPP by familiarity in the current study.
We attempted to control for beauty of the faces by including a beautiful face that was unknown to the participants. Objectively, this face was indeed more beautiful than the faces of the beloved and friends, as indicated by the ratings of the separate sample of men and women. The infatuated participants, however, perceived their beloved as most beautiful. This implies that the face of the beloved did not exhibit certain characteristics that are generally considered to be beautiful, whereas the beautiful unknown persons did. In other words, finding one's beloved beautiful, and other beautiful people not, appears to be a result of the state the observer. Even so, the perceived beauty of the beloved could have caused the amplification of the LPP, given that previous studies have shown that the LPP amplitude was larger for attractive compared to unattractive faces (Johnston and Oliver-Rodríguez, 1997; Oliver-Rodríguez et al., 1999 ). Yet, we did not observe a correlation between the perceived beauty and the accompanying LPP amplitudes. Thus it can be concluded that, while perceiving a beloved as beautiful appears to be a property of romantic love, it was presumably not responsible for the increased LPP amplitude in response to the beloved in the current study. Previous studies have shown that the LPP amplitude diminished across stimulus repetitions (Biondi et al., 2005; Codispoti et al., 2006a ; see also Codispoti et al., 2006b) . Because each of the faces was presented 30 times, the increased LPP amplitude in response to the beloved could have been caused by delayed or decreased habituation across repetitions to the face of the beloved than to the faces of the friend and unknown person. However, the above mentioned studies have also shown that the emotional modulation of the LPP was unaffected by stimulus repetitions. Even after as many as 60 stimulus presentations, unpleasant and pleasant pictures elicited a similar enhancement of the LPP amplitude as at the first presentations (Biondi et al., 2005; Codispoti et al., 2006a ; see also Codispoti et al., 2006b) .
As mentioned in the introduction, the LPP is influenced by task relevance and stimulus probability (Picton, 1992) . In this study, each of the three faces appeared with the same probability and were equally relevant for the participants' task, since the three questions about the identity of the faces occurred with similar probability. However, the participants were aware that the study concerned romantic love and may thus have experienced the photograph of the beloved as a target stimulus. Moreover, the real-life probability of the faces may not be equal. That is, participants had never encountered the unknown person, and might see their beloved more often than their friend. On the other hand, the beloved is a unique person, whereas the friend and unknown person are part of a small and large group, respectively, thus the photographs represent object categories of different sizes. Therefore, the factors task relevance and stimulus probability may have confounded the present results. And although the present results are in line with previous research regarding emotions and motivations, more research is needed to more clearly dissociate the influence of task-related from love-related factors, insofar as possible.
Between 200 and 400 ms after stimulus onset, the N2 was less pronounced for the face of the beloved than for the unknown person. Similarly, Nessler et al. (2005) have observed a decreased N2 between 200 and 450 ms post-stimulus onset for famous compared to non-famous faces and interpreted this as semantic familiarity reflecting the retrieval of face identity information from semantic memory. Thus, the current finding of a decreased N2 for the face of the beloved may be due to increased familiarity with the beloved, although no differences between the friend and the unknown person were observed. Schweinberger and Burton (2003) have suggested that the frontal modulations by familiarity observed in studies employing a linked mastoids reference, like the present study and the study by Nessler et al., is actually a reflection of the modulation of the N250r (or early repetition effect-ERE), which can be obtained when employing an average reference. The N250r occurs between 200 and 350 ms, is augmented for personally familiar and famous as compared to unfamiliar faces, and is maximal near the mastoids (which is the reason that it can not be obtained with a linked mastoids reference) (e.g. Herzmann et al., 2004) . In addition, in previous studies regarding facial expressions, the N2 has been found to be smaller for faces with emotional expressions compared to neutral faces, although these differences were present mainly at fronto-central electrodes (Eimer and Holmes, 2002, 2007) . This implies that, apart from familiarity, the emotional nature of faces may have influenced this early component as well.
A few of our participants appeared to have been in love for quite a long time. Some researchers have, however, assumed that romantic love usually lasts no more than 18 months (Fisher et al., 2002; Marazziti et al., 1999) , where after it may convert into a much calmer state, namely attachment. Attachment comprises the maintenance of close contact to the loved person combined with feelings of calmness, comfort, and emotional union, without the abundant and overwhelming feelings and responses of romantic love (Fisher et al., 2002) . Four of the participants in the present study had been in love for more than 18 months, but they nevertheless appeared to experience romantic love as reflected by their PLS scores (range 7.7-8.5). Assuming that responses to stimuli related to a beloved decrease with time in love, the inclusion of these participants probably diminished the power to find any differences between the beloved and the friend. Nevertheless, differences did occur.
In conclusion, we report here the first ERP data showing that faces of beloved ones elicit an enhanced LPP, compared to faces of friends or faces of unknown, beautiful people. Further, interpreting this LPP as motivated attention, romantic love seems to be accompanied by enhanced attention, as suggested by Fisher et al. (2002) . In the light of the evolution theory, this increased attention during romantic love may promote the proliferation of ones genes, by supporting successful reproduction. From a behavioral perspective, it may explain some of the behavior of infatuated people, such as the tendency to stare and the fact that infatuated people tend to think about their beloved almost the entire day (Fisher et al., 2002) .
